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(54) Rare-earth doped IHhKim niobate DBR laser 

(57) A rare-earth doped, lithium niobate, diffusion 
Bragg reflector laser (20) having a simplified structure 
and improved efficiency is disclosed. The laster has a 
pump source (22), a wavelength division multiplexer 
(41), a substrate (26) of lithium niobate doped with at 
least one rare earth element and having a feedback ele- 
ment (38), and a grating reflector (24). The grating 



reflector is formed from portions of an optical f tore and 
abuts one end of the doped substrate, such that the 
grating reflector and the feedback element of the doped 
substrate form a cavity for the laser. The doped sub- 
strate may include phase or amplitude modulators for 
FM or AM mode-locking operation. 
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Description 

The present invention relates generally to lasers 
using distributed Bragg reflectors, and more particularly 
to rare-earth doped, lithium niobate, distributed Bragg 
reflector lasers. 

The importance of lasers in the field of optical com- 
munications has risen dramaticaBy. 

In general, lasers require an optical resonator to 
force emitted Gght to make several passes through a 
gain active region. 

This resonator, or laser cavity, should provide effi- 
cient lasing without adding unwanted reflections or 
causing an increased threshold power to initiate lasing. 

Semiconductor lasers typically use a Fabry-Perot 
resonator that comprises parallel alignment of reflecting 
surfaces on the front and rear of the active region to 
define the resonator. 

Distributed feedback lasers and distributed Bragg 
reflector lasers avoid the need for concentrated reflect- 
ing surfaces at the ends of the laser medium by distrib- 
uting the reflecting surfaces. 

Both methods use a corrugated interface to distrib- 
ute reflections across an area. 

Distributed feedback lasers use a corrugated inter- 
face across the lasing medium, while Distributed Bragg 
Reflector (DBR) lasers distribute the reflecting surface 
outside the lasing medium. 

In a DBR laser, a corrugated interface, or a grating, 
provides reflection for light at a particular wavelength X. 

The grating reflects the wavelength X according to a 
grating period A and an effective index of the waveguide 
n a(i on which the grating is made by the following equa- 
tion: 

X. » 2 * Ugff * A. 

Consequently, the grating acts as a partially reflect- 
ing, wavelength selective mirror. 

By using a grating as one of the mirrors in a laser 
cavity, the laser can operate at the wavelength X that 
satisfies the above equation. 

W094/22187 discloses a laser comprising first and 
second feedback elements defining a laser cavity and a 
gain medium within the laser cavity, in which the second 
feedback element is wavelength selective. 

Preferably the selective feedback element com- 
prises a grating in an optical fibre. 

Preferably the gain medium of the laser comprises 
a semiconductor laser diode; alternatively, the gain 
medium may comprise a rare earth doped fibre. 

In case the gain medium is a semiconductor laser 
diode, however, a lens coupling is required between the 
semiconductor and the optical fibre, In order to have a 
sufficient coupling efficiency, and, because of the nature 
of the semiconductor, many interfaces are present 
within the laser cavity, which require specific anti-reflec- 
tion coatings to avoid the formation of additional laser 
cavities. 



This is limiting the convenience of using fiber grat- 
ings as feedback means in a bulk gain medium such as 
a semiconductor laser. 

In case the gain medium is a rare earth doped fibre,- 

5 the Applicant is observing that, if the cavity is defined by 
two ffoer gratings, H is very difficult to find two gratings 
having the same feedback wavelength to provide a laser 
with satisfactory performances and one of them should 
be tuned in wavelength, for example by temperature 

io control means. 

US 5,473,722 discloses a laser in rare earth doped 
lithium niobate crystal waveguide structure, in which the 
rare earth doping region is bounded at one end by a 
surface relief grid (grating). 

15 J. Sochtig et al., in Proc. SPIE Cont on Nanofabri* 
cation and Device Integration, vol. 2213 (1994), pub- 
lished an article having title: "Orating reflectors for 
erbium-doped lithium niobate waveguide lasers". 
As explained in the Sochtig et al. article, the 

so researchers developed a fabrication technique for pro- 
ducing DFB/DBR-grafjng structures In Er-doped 
Ti:UNb03 waveguide lasers using reactive ion etching 
with SF 6 gas as the dry etching technique. 

This rnanufacturing technique for rare-earth doped 

ss Ti:LiNb0 3 DBR lasers suffers from difficulty in making a 
grating directly on the lithium niobate substrate. The 
hardness of the substrate material complicates the 
etching process for the grating. 

Several layers of protective material must be 

so deposited on the substrate, and several etching proc- 
esses must be performed. Also, the etching process 
does not show good selectivity between the substrate 
and the protective mask. 

Another drawback of gratings formed directly on 

as LiNbOs substrates is the overall cavity loss. The imper- 
fect fabrication process for the corrugated gratings and 
the roughening of the waveguide by etching can cause 
incoherent scattering, which is a source of background 
loss. 

*) US 5,450,427 discloses a mode-locked laser in 
which the laser source is an erbium ffore laser, though 
the system is said to be able to work equally well with 
other types of waveguide lasers, such as doped UNDO3 
waveguides, or bulk solid state lasers, or sernlconductor 

45 lasers. In the patent the fixe grating operates as disper- 
sive element in the cavity and is chirped; the operation 
wavelength of the laser is not defined by the Bragg res- 
onance of the grating but by the loss conditions of the 
cavity. 

so The previous arrangements have not focused on 

simplifying the' laser structure and minimizing noise 
reflections within the laser cavity. Unwanted cavity 
reflections or losses of the oscrflated signal within the 
laser cavity degrade laser performance. 
65 Moreover, attenuation or degradation of the pump 
and signal within the laser cavity demands a related 
amount of increased pumping power from the laser 
diode to exceed the threshold power for lasing. For 
example, in a laser configuration as shown in Figure 1 of 
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the above cited article of J. Sochb'g et a!., in Proa SPIE 
vol. 2213, the grating does not reflect pump power, 
thereby limiting the pump light to a single pass through 
the laser cavity. 

A more powerful pump source increases the opera- 5 
tional costs of the laser for a lower efficiency. 

Overall, known rare-earth doped, lithium niobate 
DBR lasers either suffer from difficult and detrimental 
etching processes when working directly with the lithium 
niobate crystal or suffer from increased reflections and to 
signal attenuation within the cavity. 

In light of the foregoing, a need exists for a rare- 
earth doped, lithium niobate DBR laser that does not 
require etching of a lithium niobate substrata A further 
need exists for a rare-earth doped), lithium niobate DBR is 
laser that has minimal cavity reflections and minimal 
pump signal and emission signal attenuation within the 
laser cavity. 

According to one aspect, the invention comprises a 
laser, comprising a substrate doped with a lasing mate- so 
rial, the doped substrate having first and second ends 
and including a waveguide for passing a pumping fight 
and a stimulated emission signal between the ends, the 
first end including a feedback element for reflecting at 
least a portion of the emission signal toward the second as 
end; and a grating reflector having an input optically 
coupled with the waveguide at the second end of the 
doped substrate and an output, the grating reflector and 
the feedback element defining a laser cavity including 
the doped substrate, characterized in that the grating so 
reflector is formed from an optical fibre portion and 
reflects at least a portion of the emission signal toward 
the first end of the doped substrate. 

Preferably, the laser may further comprise a pump 
source coupled to the output of the grating reflector, the ss 
pump source driving pumping Bght through the grating 
reflector and then into the doped substrate. 

Preferably, the laser may further comprise optical 
separation means interposed between the puny source 
and the grating reflector, separating the emission signal <o 
from other signals received from the pump source and 
the grating reflector, in particular, said optical separa- 
tion means is a wavelength division multiplexer or an 
optical circulator. 

In alternative, the laser may comprise a wavelength 4S 
division multiplexer optically coupled to the first end of 
the doped substrate, separating the emission signal 
from other signals received from the feedback dement 

Preferably, said substrate is an electro-optic mate- 
rial; more preferably, said substrate is lithium niobate. so 

In particular, said lasirtg material includes at least a 
rare earth. 

In a preferred embodiment, said feedback element 
reflects at least a portion of both the emission signal 
and the pumping light toward the second end of the sub- 66 
strata 

Preferably, the laser further comprises a thermally- 
stable package housing at least the doped substrate 
and the grating reflector. 



Preferably, the optical connection between the grat- 
ing reflector and the doped substrate causes a loss to 
the pumping light of less than 1 da 

In a particular embodiment the feedback element 
comprises a plurality of layers of dielectric material 
deposited on the first end of the doped and the second 
end of the doped substrate Includes an antireflective 
coating. 

In a preferred embodiment the second end of the 
doped substrate is polished at an angle. 

In an alternative embodiment, the laser according 
to the invention comprises a pump source coupled to 
the first end of the doped substrate, the pump source 
driving pumping light through the feedback eJement, the 
doped substrate, and then to the grating reflector. 

Preferably, said laser further comprises a wave- 
length division multiplexer coupled to the output of the 
grating reflector, the wavelength cSvision multiplexer 
separating the emission signal from other signals 
received from the grating reflector. 

In a particular embodiment of the laser of the inven- 
tion, the emission signal corresponds to single-mode, 
continuous -wave operation for the laser. 

Preferably, the grating reflector has a bandwidth 
less than 1 nm. 

In a particular embodiment the laser further com- 
prises a phase modulator integrated in the doped sub- 
strate, the phase modulator providing FM mode-locking 
operation for the laser; in alternative, the laser further 
comprises an amplitude modulator integrated in the 
doped substrate, the amplitude modulator providing AM 
mode-locking operation for the laser. 

In a further aspect, the present Invention refers to a 
laser, comprising: 

— a pump source for generating a pumping light; 

— a substrate of Ethium niobate doped with at least 
one rare earth element, the doped substrate includ- 
ing a waveguide for passing the pumping Cght and 
a stimulated emission signal through the doped 
substrate; 

— first means, contacting the waveguide, for reflecting 
a first group of selected wavelengths passing from 
the waveguide back through the waveguide, the 
first group including at least the emission signal; 

— second means, contacting the waveguide, for 
reflecting a second group of selected wavelengths 
passing from the waveguide back through the 
waveguide, the doped substrate being positioned 
between the first and second reflecting means, the 
second group including at least the pumping signal; 
and 

— a grating reflector having an input coupled to the 
second reflecting means and an output, the grating 
reflector being formed from portions of an optical 
fibre and reflecting at least the emission signal 
passing from the second reflecting means back 
toward the waveguide, the grating reflector and the 
first reflecting means defining a cavity for the laser. 
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Preferably, the laser further comprises a thermally- 
stable package housing at least the doped substrate 
and the grating reflector. 

Preferably, the grating reflector is positioned 
between the second wavelength-selective reflector and « 
the doped substrate, the input of the grating reflector 
abutting the second end of the doped substrate. 

In an embodiment the laser further comprises a 
wavelength division multiplexer coupled to the second 
wavelength-selective reflector, the wavelength division to 
multiplexer separating the emission signal from other 
signals received from the feedback element 

In an embodiment the second wavelength-selective 
reflector is positioned between the grating reflector and 
the doped and is optically coupled to the second end of is 
the doped substrata. 

In particular, the laser further comprises a wave- 
length division multiplexer coupled to the output of the 
grating reflector, separating the emission signal from 
other senate received from the feedback element so 

In an embodiment the laser further comprises a 
phase modulator integrated in the doped substrate, pro- 
viding FM mode -locking operation for the laser, or it fur- 
ther comprises an amplitude modulator integrated in the 
doped substrate, providing AM mode-locking operation ss 
for the laser. 

According to a further aspect, the present invention 
concerns a laser, comprising: 

— a pump source for generating a pumping light; so 

— a substrate of lithium niobate doped with at least 
one rare earth element, the doped substrate includ- 
ing a waveguide for passing the pumping tight and 
a stimulated emission signal through the doped 
substrate; 99 

— a first wavelength-selective reflector contacting the 
waveguide for reflecting a first group of selected 
wavelengths passing from the waveguide back 
through the waveguide, the first group including at 
least the emission signal; *> 

— a second wavelength-selective reflector contacting 
the waveguide for reflecting a second group of 
selected wavelengths passing from the waveguide 
back through the waveguide, the doped substrate 
being positioned between the first and second <ff 
wavelength-selective reflectors, the second group 
including at least the pumping signal; 

— a first grating reflector having an input coupled to 

the second wavelength-selective reflector and an 
output; and so 

— a second grating reflector having an input coupled 
to the output of the first grating reflector, the first 
and second grating reflectors being formed from 
portions of optical fixes, one of the first and second 
grating reflectors reflecting the emission signal ss 
passing from the second wavelength-selective 
reflector back toward the waveguide, another of the 
first and second grating reflectors reflecting the 
pumping signal passing from the second wave- 



length-selective reflector back toward the 
waveguide, the first wavelength-selective reflector 
and said one of the first and second grating reflec- 
tors defining a cavity for the laser. 

Preferably, the grating reflector has a bandwidth 
less than 1 rm 

Said laser may further comprise a phase modulator 
integrated in the doped substrate, providing FM mode- 
locking operation for the laser, or may further comprise 
an amplitude modulator integrated in the doped sub- 
strate, providing AM mode-locking operation for the 
laser. 

\ It is understood that both the foregoing general 
description and the following detailed description are 
exemplary and explanatory and are Intended to provide 
further explanation of the invention as claimed. 

The accompanying drawings, which are Incorpo- 
rated in and constitute a part of this specification, illus- 
trate several ernbodiments of the invention and together 
with the description serve to explain the principles of the 
invention. In the drawings, 

Figure 1 is a first schematic drawing of a rare-earth 
doped, lithium niobate DBR laser according to a 
first embodiment of the present invention; 
Figure 2 is a second schematic drawing of a rare- 
earth doped, lithium niobate DBR laser according 
to the first embodiment of the present invention; 
Figure 3 is a first schematic drawing of a rare-earth 
doped, lithium niobate DBR laser according to a 
second embodiment of the present invention; 
Figure 4 is a second schematic drawing of a rare- 
earth doped, lithium niobate. DBR laser according 
to the second embodiment of the present Invention; 
Figure 5 la a first schematic drawing of a rare-earth 
doped, lithium niobate DBR laser according to a 
third entoodiment of the present invention; 
Figure 6 is a second schematic drawing of a rare- 
earth doped, lithium niobate DBR laser according 
to the third embodiment of the present Invention; 
Figure 7 is a schematic drawing of the first embodi- 
ment of the rare-earth doped, Sthium niobate DBR 
laser of the present invention including a phase 
modulator; 

Figure 8 is a schematic drawing of the first embodi- 
ment of the rare-earth doped, lithium niobate DBR 
laser of the present invention inducing an ampi- 

tude modulator; and 

Figure 9 is a side view of a housing package for the 
rare-earth doped. lithium niobate DBR laser of the 
present inventioa 

Reference win now be made in detail to the pres- 
ently preferred ernbodirnertts of the invention, examples 
of which are illustrated in the accompanying drawings. 

Wherever possible, the same reference numbers 
win be used throughout the drawings to refer to the 
same or fike parts. 
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In accordance with the present invention, a laser 
comprises a substrate of lithium niobate doped with at 
least one rare earth element, the doped substrate hav- 
ing first and second ends, the first end including a feed- 
back element; a waveguide within the doped substrate; s 
and a grating reflector having an input affixed directly to 
the second end of the doped substrate and an output, 
the grating reflector being formed from portions of an 
optical fbre and reflecting at least the emission signal 
toward the first end of the doped substrate, the grating ro 
reflector and the feedback element defining the doped 
substrate and the optical fibre as a cavity for the laser. 

The exemplary embodiment of the laser of the 
present invention is shown in Fig. 1 and is designated 
generafly by Reference numeral 20. is 

As herein embodied, laser diode 22 serves as a 
source of pumping light energy for the laser generally 
referred to at 20. The laser diode 22 feeds the pumping 
light through an optical waveguide 23, a wavelength 
division multiplexer (briefly called WDM in the forego- so 
ing) 41 , a second optical waveguide 44, a grating reflec- 
tor 24, and into waveguide 28 within a doped substrate 
26. 

The laser diode 22 may be of any type readily avail- 
able in the marketplace based on the parameters of the ss 
overall DBF) laser discussed herein. 

A suitable laser is 1480 nm Laser Diode Module 
type FOL1402RA2-P. Type 4. produced by THE FURU- 
KAWA ELECTRIC Co. Ltd, Tokyo (JP). 

As readily known in the art the required output so 
power of the diode laser depends on, among other fac- 
tors, the threshold pumping power required to generate 
lasing within the laser cavity. In addition, the optimal 
operating wavelength of the pump 22 depends on the 
gain medium within the optical resonator. ss 

In case of erbium as dopant, pump 22 operates 
preferably at 1 480 nm. 

Laser 20 of Fig. 1 further includes a wavelength 
division multiplexer (WDM) 41. 

Laser diode 22 provides optical energy along an 40 
optical fbre 23 to WDM 41 . 

The WDM Is a device, known in the art, which com- 
bines or separates selected wavelengths from multiple 
input signals. 

A suitable WDM is, for example, model FWDM 45 
1480/1550 FBter Wavelength Division Multiplexer, man- 
ufactured by E-TEK DYNAMICS Inc. San Jose, CA 
(USA). 

WDM 41 serves to separate the desired emission 
signal received on ine 44 from the pumping signal Intro- so 
duced by the laser source 22 on line 23 and to output 
the result on line 42. 

As a result, output 42 from the WDM 41 functions 
as an output from the overall laser 20 in the configura- 
tion of Fig. 1 . 55 

With respect to the pumping signal, WDM 41 simply 
passes the pumping energy from line 23 to line 44 
toward doped substrate 26 with minimal attenuation. 

The laser 20 may use an optical circulator instead 



of the wavelength division multiplexer to extract the 
emission signal from the laser. 

An optical circulator is a passive optical component, 
generally provided with three or four ports disposed in 
an orderly sequence, unidirectionaliy transmitting the 
input radiation from each of the ports towards one alone 
of the other ports and more particularly towards the next 
adjacent port in the sequence. The optical circulators 
are commercially available components. Adapted for 
use in the present invention are for example model 
CR1500. manufactured by JDS FITEL Inc.. 570 Heston 
Drive, Nepean, Ontario (CA), or model PIFC-1 00 manu- 
factured by E-TEK DYNAMICS Inc. 

Both the optical circulator and the WDM are prefer- 
ably connected to th| optical circuit by polarization 
maintaining there. Also the grating can be made in a 
polarization rrarttaining tber. If polarization maintaining 
fbers were not used, a polarization controller should be 
used. 

The substrate 26 comprises a crystal of lithium nio- 
bate (IJNbOa) doped with at least one rare earth ele- 
ment for example erbium or neodymium. For an 
erbium-doped lithium niobate crystal (ErliNbOg). th 
laser diode 22, as mentioned, provides a pumping 
energy that centers preferably on a wavelength of 1480 
nm, which is a characteristic excitation wavelength for 
erbium doped lithium niobate. 

As known to one of ordinary skill in the art, the use 
of other rare earth dopants for the LiNbOa crystal dic- 
tates the wavelength of the pumping signal generated 
by tfie laser diode 22. 

As shown in Fig. 1, the doped substrate 26 includes 
two end faces 31 and 32. A waveguide 28 formed within 
the lithium niobate crystal passes the pumping signal 
generated by the laser diode 22 through the doped sub- 
strate 26, between the substrate end faces 31 and 32. 

Preferably, the lithium niobate substrate includes a 
waveguide which is single mode both at pump and sig- 
nal wavelengths. 

One end face 31 of the doped substrate 26 includes 
an antireflective layer 39 formed thereon. This layer 39 
minimizes reflections otherwise caused by the Interface 
of the substrate end 31 with an optically conductive 
medium. 

Preferably, the antireflective layer 39 comprises 
multiple alternating layers of SIO? and TIO2 applied to 
the polished endface 31 of the lithium niobate crystal 
26. 

Preferably, the antireflective layer 39 may comprise 
two layers of SiO z of about 73 and 78 nm thickness 
respectively and one layer of TIO2 of about 74 nm thick- 
ness interposed therebetween. 

The layers may be applied by electron beam evap- 
oration. 

The laser of the preferred embodiment further 
includes a feedback element 38 positioned on the other 
end 32 of the doped substrate 26. 

The feedback element 38 has reflective character- 
istics such that it win reflect selected optical wave- 
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lengths travelling through the waveguide 28 from 
substrate end 31 back in the direction of substrate end 
31. 

The feedback element 38 serves to reflect at least 
the emission signal, and preferably the emission signal 
and the pumping signal, that travels through the 
waveguide 28 back through the doped substrate. 

The feedback element 38 is preferably formed 
directly on the end 32 of the doped substrate 26. This 
integral structure with the substrate 26 eliminates reflec- 
tions that otherwise would arise with the feedback ele- 
ment 38 coupled to the substrate 26 via an optical 
connecting device, such as an optical fibre. 

Typically, the feedback element 38 is a broadband 
mirror with a reflectivity centered around a wavelength 
within the emission wavelength range, which is about 
1530-1610 nm fa an erbium-doped lithium niobate 
crystal (for example, about 1 550 nm). 

For this construction, a mirror which has, for exam- 
ple, approximately 92% reflectivity at 1550 nm is mad* 
of eleven alternating layers of SiOj and TiOj of about 
262 nm and 183 nm thickness respectively. 

Otherwise, the feedback element might be a wave- 
length-selective device, i.e. a device which has, tor 
example, a reflectivity of 99% at the emission wave- 
length of 1550 nm and a reflectivity of 10% a pumping 
wavelength of 1480 nm. 

Such a wavelength-selective device may be made 
of 23 alternating layers of SK>2 and T1O2 of about 290 
nm and 202 nm thickness respectively. 

In this case, however, only the signal would be 
reflected, and a single pump pass would be provided. 

Although an integral formation with the substrate 26 
for the feedback element 38 is preferred, the present 
invention might also contemplate the positioning of the 
reflecting element 38 spaced apart from the substrate 
26 and connected to the substrate end face 32 with a 
high coupling efficiency. 

In accordance with the present invention, the laser 
of the preferred embodiment further Includes a grating 
reflector 24 having an input coupled to end 31 of the 
doped substrate 26. 

The grating is preferably formed in an optical fixe 
portion, according to techniques known in the field. 

Gratings adapted for use in the present invention 
are. for example, the so-called Bragg-grating waveguide 
filters. 

They reflect the radiation in a narrow wavelength 
band and transmit the radiation outside of this band. 
They consist of a portion of an optical fibre along which 
the refractive index exhibits a periodic variation: if the 
signal portions reflected at each index change are in 
phase with each other, a constructive interference 
occurs and the incident signal is reflected. 

The constructive-interference condition, corre- 
sponding to the reflection maximum, is expressed by 
the equation 2 * A - X / n ,„ , wherein A is the pitch of 
the grating formed by the refractive index variations. X is 
the wavelength of the incident radiation and n, n the 



refractive index of the optical waveguide core. The 
described device is described in the related literature as 
Bragg grating. 

The periodic variation in the refractive index in the 

5 fber can be achieved by known techniques, for example 
by exposing an optica! fibre portion devoid of the protec- 
tive coating to the Interference fringes formed by an 
intense UV beam (such as that generated by an excimer 
laser, a frequency-doubled argon laser or a frequency- 

to quadrupled Nd:YAG laser) which Is caused to interfere 
with itself by an appropriate interferometer system, by a 
silicon phase mask for example, as described in US Pat- 
ent 5.351.321. 

The fibre and in particular the core are^thus 

is exposed to a UV radiation of a periodically-varying 
Intensity along the optical axis. In the core portions 
reached by the UV radiation a partial breaking of the 
Ge-O bonds occurs, which causes a permanent modrfi- 
cation in the refractive index. 

» By selecting the grating pitch so to verify the con- 
structive interference condition, the centre wavelength 
of the reflected band can be determined as desired. 

By this technique, it is possible to produce filter 
gratings having a -3 dB reflected wavelength band typi- 

ss catty of 0.2 ♦ 0.3 nm only, a reflectivity in the middle of 
the band up to 99%, a central wavelength of the 
reflected band that can be determined during the man- 
ufacturing step within about ± 0.1 nm and a variation 
with temperature of the central wavelength of th 

so reflected band as low as 0.02 nnVC. 

In case a larger reflected band would be required, 
the grating can be made "chirped", that is with non con- 
stant pitch along its length. 

The grating 24 transmits the pumping signal and 

35 reflects at least the emission signal that emanates from 
the doped substrate 26 back into the substrate and 
toward end 32. Thus, the index variation pitch of the 
tore grating 24 is selected such that the grating reflects 
a wavelength corresponding to one of the peaks in the 

40 emission range of the erbium-doped lithium niobate 
crystal (for example, about 1550 nm). 

For a laser that has single-mode, continuous wave 
operation, the tore grating 24 also has a narrow band- 
width, preferably less than 1 nm. As a result, the grating 

45 24 and the feedback element 38 define a cavity for th 
laser 20, whereby the emission signal oscillates 
between the two elements and through the doped sub- 
strate 26. 

The optical fber 24a, in which the grating 24 has 
so been made, is affixed directly to the end 31 of the doped 
substrate as a pigtail, according to a technique known in 
the art, in a way to minimize interface reflections when 
light travels between them 

In a preferred embodirnerit, as schematically shown 
55 in Fig. 1 , a ferrule 34, or an equivalent element, heips to 
secure the fibre including the grating 24 to the doped 
substrate 26, in optica] connection with the waveguide 
28. 

In the following, the fber 24a and the grating 24 
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included thereinto will be indicated, in short, as "grating 
24". 

This devices 34 provides stability for the coupling of 
the grating 24 with the waveguide 28. 

The grating 24 may then be affixed with the 
waveguide 28 such that the waveguide and fibre end of 
the grating abut 

In particular, the coupling of the grating 24 with 
waveguide 28 is preferably made in the following man- 
ner. 

The grating 24 is inserted into a corresponding seat 
in the ferrule 34 and positioned such that the end of the 
grating 24 and the end of the ferrule 34 align axially. 

The two items are then secured together using a 
glue or other adhesive or securing composition or appa- 
ratus. 

The end of the ferrule-fibre grating unit and the 
waveguide endface are then both polished before cou- 
pfing them together. 

Next, the ferrule-grating unit is positioned near the 
waveguide endface where the transmitted power 
between the waveguide and the grating is optimized, 
and the two endfaces are secured together using a 
transparent glue. 

Typically, the insertion loss of such a connection 
between the fibre grating and the waveguide is 0.5 dB 
per interface 

Hence, the cavity defined by the grating 24 and the 
feedback element 38 comprises essentially the doped 
substrate 26 and the short portion of the optical fibre 
24a included between the substrate end 31 and the 
ftore grating 24. 

The fiber 24a is then optically coupled with a fiber 
44 of a WDM 41 , for example by butt weld ng. 

The oscillating emission within the laser cavity 
which will escape from the grating will pass through 
fibre 44 to the WDM 41. As discussed, WDM 41 win 
separate this desired emission signal and output the 
signal through fibre 42. 

As can be seen, the configuration of laser 20 has 
several distinct advantages. 

The simple structure of the doped lithium niobate 
crystal 26 and the fibre grating 24 permits an inexpen- 
sive and easy assembly for a laser cavity. Both compo- 
nents may be arranged together with a single optical 
connection between the fixe grating 24 and the 
waveguide 28, using the ferrule 34 or an equivalent pig- 
tailing device. 

Consequently, the laser cavity may be attached to 
the pigtal fibre 44 of a WDM 41 or removed as needed 
with little encumbrance. 

Also, the use of a ftore grating 24 rather thana grat- 
ing etched within the lithium niobate substrate greatly 
simplifies fabrication of the laser cavity. 

Further, the laser configuration of Fig. 1 has much 
lower noise and pump signal loss than prior arrange- 
ments. 

In particular, the laser cavity attached to pigtail fibre 
44 of the WDM 41 has only one interface in its conduct- 



ing medium, which occurs between fibre grating 24 and 

waveguide 28 of the substrate 26. 

The connection- between these waveguides is 

arranged to produce as little loss as posable, generally 
tf around 0.5 dB of attenuation, for signals passing across 

the interface. 

The presence of a single interface is made possible 

due to the incorporation of feedback element 38 directly 

on the lithium niobate substrate 26. 
io Also, potential noise-inducing or signal-attenuating 

devices, such as WDM 41, are positioned outside the 

laser cavity. 

As a result, the laser 20 of Fig. 1 has lower attenu- 
ation and lower noise than prior arrangements, which 
15 , permits the use of a lower-powered laser diode pump 
source 22. 

It should be noted that lower-powered laser diode 
pump sources are less-expensive and will provide 
higher reliability and longer operating life in comparison 
so with higher powered ones. 

Moreover, the laser 20 improves over prior arrange- 
ments In that it supplies two-way pumping to the gain 
medium of the doped substrate 26. 

As mentioned, the pump signal from laser diode 22 
ss passes into the doped substrate 26 via end face 31. The 
pump signal then travels through the doped medium of 
the lithium niobate crystal and causes lasing and stimu- 
lated emission. 

The pump signal reflects off feedback element 38, 
90 preferably without leaving the doped substrate 26, and 
passes back through the substrate toward end 31. 

in doing so, the pump signal again passes through 
the gain medium of the substrate 26 and further stimu- 
lates lasing within the cavity, 
ss This two-way pumping of the cavity provides 
increased effidency for the laser 20 and addMonafly 
enables the use of a lower-powered laser diode pump 
source 22. 

Because the reflective wavelength of the fire grat- 
40 ing 24 may fluctuate with temperature, thereby causing 
a conespondtng fluctuation in the output wavelength of 
the laser 20, a container or package may house several 
or all of the components of the laser 20. 

Fig. 9 Btustrates a side view of a preferred packag- 
« ing arrangement for laser 20. 

As shown in Fig. 9, the lithium niobate substrata 26 
is mounted on a copper submount 102. 

The submount forms tine base for the fibre grating 
24 as well, and thereby provides mechanical stability for 
so the laser cavity between the grating 24 and the doped 
substrate 26. 

A thermistor and Peltier element 104. positioned 
under the copper submount 102, monitor and control 
the temperature on the submount 102 to a stabilized, 
65 predetermined value. 

Optimally, the thermistor and Pettier element stabi- 
lizes the cavity temperature to ± 0.1*C. 

Typically, a thermaly-secure container 106 covers 
at least the doped substrate 26 and the fibre grating 24, 
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as weU as the submount 102 and thermistor and Peltier 
element 104. 

Additionally, the laser container 106 housing the 
laser cavity may be inserted into a larger package (not 
shown) that includes the WDM, pump source, and s 
related electronic circuits that drive the pump source 
and the Peltier element 

In this way, the temperature surrounding the fbre 
grating 24 w9l remain stable despite the external envi- 
ronment in which the laser package is used, and the io 
reflective wavelength for the grating wifl remain consist- 
ent 

Referring to Fig. 2, a variation of the first embodi- 
ment of the present invention comprises a laser, gener- 
ally referred to at 30. that has a doped UNbOs substrate is 
with an end face 48 pdished at an angle. 

This angled end face 48 is the end of the substrate 
located opposite from the feedback element 38. 

Likewise, the fibre grating 24 that optically couples 
with the end face 48 via ferrule 34 has a polished end so 
that matches with the angle of the substrate end face 
48. 

The angled cut of the end 48 and fibre grating 24 
provides an optical connection without giving rise to det- 
rimental reflections. ss 

The angled end 48 thus avoids the need for adding 
an antireflective layer between the substrate end and 
the fibre grating 24 and achieves substantially the same 
result of minimizing reflections at fine substrate-grating 
interface. so 

A typical angle in the lithium niobate substrate is 
about 6°, and a corresponding angle in the ferrule is 
about 8.5*; generally, these values can be selected to 
minimize the reflection and to provide optimal coupling, 
in dependance of the respective refractive indexes of ss 
the optical means to be optically connected together, 
according to principles known to the skilled in the art 

Fig. 3 illustrates a second embodiment of the 
present invention. 

According to the second embodiment of the present 40 
invention, a laser, generally referred to 86 40, comprises 
a laser diode 22, a fibre grating 24. a rare-earth doped 
LiNb03 substrate 26, and a wavelength division multi- 
plexer (WDM) 41. 

In this arrangement of Fig. 3, the WDM 41 is cou- « 
pled to the end 32 of the doped substrate 26, rather than 
between the laser diode 22 and the fbre grating 24 as 
shown in Fig. 1. 

The WDM 41 of laser 40 is coupled to the doped 
substrate end 32 by way of optical fibre 46. so 

The fibre 46 and waveguide 28 are opticaBy con- 
nected together using a pigtailing means including a fer- 
rule 36, or an equivalent device. 

As discussed above with reference to the ferrule 34, 
used fro the connection between the waveguide 28 and ss 
the f Bye grating 24. the ferrule 36 is adhered to the lith- 
ium niobate crystal 26 and secures fibre 46 and 
waveguide 28 in abutment with substantial axial align- 
ment, to provide suitable optical connection. 



As with laser 20 of Fig. 1, laser 40 of Fig. 3 uses 
WDM 41, and specifically its output fbre 42, as the out- 
put to the overall laser. 

WDM 41 separates in its output fiber 44 the residual 
pumping signal generated by laser diode 22 and 
received at fbre 46, from the emission signal also 
received at fbre 46 and outputted in fiber 42. 

The laser 40 operates as follows. 

Laser diode 22 generates a pump signal of a 
selected wavelength and power that is characteristic of 
the rare-earth dopant in the lithium niobate crystaL 

The pump signal travels through undoped optical 
fbre 23 and fixe grating 24 and enters the doped sub- 
strate 26 at end 31. ^ 

Ferrule 34 assists in securing a connection of abut- 
ment and preferably physical contact between the fibre 
grating 24 and waveguide 28, so as to provide a suitable 
optical coupling. 

Substrate end 31 Includes a rwnreftective coating 
39 that assists in minimizing any Interface reflections 
across the grating-substrate interface. 

The pump signal passes through doped substrate 
26 and excites the gain medium to lase at stimulated 
emission wavelength. 

A feedback element 38, described above for laser 
20, formed on substrate end 32. reflects both the stimu- 
lated emission and the pump signal back through the 
gain medium for additional stimulation of the gain 
medium. 

The feedback element 38 preferably comprises a 
partially reflective mirror or a similar wavelength-selec- 
tive feedback element capable of reflecting both the 
pumping wavelength and the emission wavelength. 

The feedback element 38 can be made with a multi- 
layer coating of the endface 32 of tine substrate 26, to 
provide the desired reflectivity, as already descrbed 
before. 

The parts of the signal at the emission wavelength 
and of the residual pumping signal that are transmitted 
through feedback element 38 reach WDM 41 that as 
explained, separates the two signals respectively 
towards output libers 42 and 44. 

The fibre grating 24 Is made in compliance with the 
already given equation X«2*n „,*A , such that the emis- 
sion wavelength X is selectively reflected back into the 
doped substrata. 

As a result the emission signal stimulated by the 
pump signal will oscillate between fibre grating 24 and 
feedback element 38. which two elements defin the 
cavity for laser 40. 

The lithium niobate DBR laser of Fig. 3 thereby 
exhibits some of the same enhanced properties ol laser 
20. 

The arrangement of feedback element 38 on sub- 
strate end 32 permits two-way pumping of the gain 
medium of the lithium niobate crystal. 

As well, the compact design having no devices 
positioned within the laser cavity helps to minimize laser 
noise and raise efficiency. 
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As a result, the configuration far laser 40 enables 
the use of a lower-powered laser diode 22 to achieve 
lasing in the doped lithium niobate crystal. 

An experiment was performed using the arrange- 
ment depicted in Fig. 3, with the exception that sub- s 
strate end 32 and WDM 41 were coupled together using 
a lens system rather than a fibre pigtaiCng system. 

In this setup, the erbium doped lithium niobate crys- 
tal substrate was butt-coupled with a fiber grating, hav- 
ing a peak of reflectivity at 1 546.9 nm. ro 

The erbium doped lithium niobate substrate was a 
z-cut lithium niobate crystal about 60 mm long, 5 mm 
large and 1 mm thick; erbium doping was with the dep- 
osition of a 15 nm thick erbium layer using electron 
beam evaporation, followed by a diffusion treatment for is 
about 100 hours at 1100°C, to provide a superficial 
erbium concentration of about 10 20 atorns/cm 3 . 

A waveguide was subsequently made in the sub- 
strate by photolitographic definition of a 71 stripe 6 pm 
wide and 1 20 nm thick, followed by a diffusion treatment so 
for about 9 hours at 1 030°C. 1/e 2 mode field diameter of 
the waveguide was 10.98x8.08 jim in TE polarization 
and 8.31x6.47 umkiTM polarization. 

Cut-off wavelength was 1370 nm and 1220 nm for 
TM and TE polarizations respectively. sa 

The feedback element 38 in the test arrangement 
comprised a partially-reflecting mirror of the dielectric 
multilayer type. 

The laser modes were detected using a Fabry- 
Perot interferometer with a 7.5 GHz spectral range. so 

The results of this experiment confirmed the opera- 
tion of the DBR laser in a single longitudinal mode. 

The following results were obtained: 

Emission signal wavelength: 1546.9 nm 35 
Operating threshold of laser: 40.2 mW 
Laser efficiency: 2.5% 

Referring to Fig. 4, a variation of the second 
embodiment of the present invention comprises a laser 40 
generally referred to at 50 that has a doped UNb0 3 sub- 
strate with an end 48 polished at an angle. This angled 
end 48 is the end of the substrate located opposite from 
the feedback element 38. Likewise, the fibre grating 24 
that couples with the end 48 via ferrule 34 has a cone- «s 
sponcfingly polished end that matches with the angle of 
the substrate end 48 (the relevant refractive indexes of 
the two materials having been taken into account). 

The polishing of the end face 48 and fibre grating 24 
provides an optical connection without giving riseto dat- so 
rimentai reflections. 

The angled end 48 thus can avoid the need for add- 
ing an antireflective coating between the substrate end 
and the ftore grating 24 and achieves substantially the 
same result of minimizing reflections at the substrate- ss 
grating interface. 

In accordance with the present invention, a third 
embodiment of the present Invention comprises a laser 
diode, a rare-earth doped lithium niobate substrate, two 



dO* Al to 

fbre gratings, and a wavelength division multiplexer 
(WDM). 

As embodied herein and generally referred to at 60 
in Fig. 5, ihe laser includes a laser diode pump source 
22 coupled to a rare-earth doped lithium niobate crystal 
26 via an undoped optical fbre 23. 

In contrast to previous embodiments, the embodi- 
ment of laser 60 has the doped substrate 26 positioned 
between the laser diode 22 and ftore grating 24. In addi- 
tion, substrate end 32 and feedback element 38 face the 
pump source 22 and receive the pumping signal there- 
from. 

Laser 60 in Fig. 5 operates as folows. 

Laser diode source 22 generates pumping energy 
that travels along optical fbre 23, through feedback ele- 
ment 38 and enters waveguide 28 of the doped sub- 
strate 26. 

As with previous ernbodimenls, the connection with 
waveguide 28 preferably occurs by way of plgtaiting 
means Including a ferrule 36 and abutment of fbre 23 
with waveguide 28. 

The pump signal travels In rough waveguide 28. 
stimulating emission from the gain medium within th 
doped substrate 26. 

Substrate end 31 includes an antireflective coating 
or surface 39 that minimizes reflections and noise as 
light crosses the substrate border. The pumping energy 
exits the doped substrate 26 at end 31 and passes 
through a first ftore grating 24 to second fbre grating 62. 

The second ftore grating 62 is made in a known 
fashion such that the device 62 selectively reflects the 
pumping signal back toward the doped substrate 26. 
The pumping signal enters the doped substrate again 
through end 31 and thereby makes a second pass 
through the gain medium of the crystal. 

Feedback element 38 of Ihe present invention 
reflects the emission stimulated by the pump signal in 
laser 60 back into the doped substrate 26. 

Feedback element 38 for this embodiment is prefer- 
aofy a wavelength-selective device, such as a multi- 
layer reflective coating of the type described before, 
positioned at the end of the substrate 26. that has low 
reflectivity for the pumping wavelength and high reflec- 
tivity for the emission wavelength. 

In particular, a wavelength-selective feedback ele- 
ment which has, tor example, a reflectivity of 99% at the 
emission wavelength of 1550 nm and a reflectivity of 
10% a pumping wavelength of 1480 nm, may be made 
of 23 alternating layers of SiOfe and TO 2 of about 290 
nm and 202 nm thickness respectively. 

The feedback element 38 reflects the emission sig- 
nal stimulated by the pumping signal. 

Fibre grating 24, affixed to the substrate end 31 and 
to the second fbre grating 62, is designed so that it 
selectively reflects a selected wavelength of the stimu- 
lated emission of Ihe lithium niobate dopant 

As a result, the emission within the doped substrate 
26 will reflect off the feedback element 38 within the 
substrate and the fbre grating 24 outside the substrate 
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and oscillate in between these surfaces. Thus, the feed- 
back element 38 and the fbre grating 24 define the cav- 
ity for laser 60. 

WDM 41 in laser 60 is connected through its input 
port 46 to the second fibre grating 62. s 

The WDM 41 will receive some of the emission sig- 
nal and the pumping signal on fibre 46 and will separate 
the emission signal to line 42 and the pumping signal to 
line 44. 

Output ffaer 42 in laser 60 functions as the overall 1 0 
output for the laser. 

Laser 60 provides a laser configuration that ena- 
bles two-way pumping of the laser cavity with low noise 
and reflections. As with previously discussed embodi- 
ments, laser 60 benefits from the single interface at sub- is 
strate end 31 within the laser cavity. 

A high coupling efficiency and low loss across this 
interface provides laser 60 with low noise and reflec- 
tions and yet allows inexpensive and easy fabrication of 
the grating in an optical fbre, as shown at 24. so 

Referring to Fig. 6, a variation of the third embodi- 
ment of the present invention comprises a laser gener- 
ally referred to at 70 that has a doped LiNbOg substrate 
with an end face 48 polished at an angle. 

This angled end face 48 is the end of the substrate as 
located opposite from the feedback element 38. 

Likewise, the fbre grating 24 that couples with the 
end face 48 via ferrule 34 has a cleaved end that 
matches with the angle of the substrate end face 48. 

The angled polishing of the end face 48 and fbre so 
grating 24 provides an optical connection without sub- 
stantially giving rise to detrimental reflections. 

The angled end face 48 thus may avoid the need for 
adding an antiref lective coating between the substrate 
end face and the fibre grating 24 and achieves substan- 35 
tially the same result of minimizing reflections at the 
substrate-grating interface. 

According to the present invention, each of the 
above-described preferred embodiments may further 
include additional elements as required to optimize the « 
performance or simplicity of the invention, and to pro- 
vide extra functionaEfJes. 

In particular, lasers 20, 30, 40, 50. 60. or 70 may 
include an intracavtty modulator in the LiNb0 3 sub- 
strata 45 

Referring to Fig. 7, as an example, a laser 80 
includes a laser pump source 22, a WDM 41, a lithium 
ntobate substrate 26 doped with a rare earth material 
such as erbium, and a fbre orating 24. 

As previously discussed, an optical waveguide 28 so 
passes a pumping signal and an emission signal 
through the doped substrate 26. 

A feedback element 38, such as a mirror or other 
reflective element or treatment, reflects the pump wave- 
length back through the doped substrate 26. The config- se 
uration of fig. 7, however, also utilizes the excellent 
electrooptical properties of UNb0 3 for a monolithic inte- 
gration of an intracavtty phase modulator for FM mode- 
locking. 



The laser 80 of Fig. 7 illustrates a configuration of 
the present invention that achieves FM mode-locking 
using an intracavity phase modulator. 

The phase modulator generally referred to at 82 is 
integrally formed in the UNDO3 substrate. 

In the illustrated embodiment, the substrate is 
made of a x-cut LiNbQg crystal and the phase modula- 
tor 82 comprises electrodes 84 and 86 positioned on 
opposite sides of waveguide 28. which extends through 
the doped substrate 26. 

Electrode 86 is connected with ground in a known 
manner. 

A sinusoidal signal from, for example, an RF signal 
generator (not shown), drives the intracavity phase 
modulator 82 through electrode 84. 

The sinusoidal signal has a frequency equal to the 
free spectral range of the laser cavity, or a harmonic 
thereof. This selected frequency wis achieve mode-tock- 
ing for a single circulating optical pulse In the cavity, or a 
number of pulses equal to the number of harmonics of 
the sinusoidal frequency. 

The pulse generated by the laser 80 when operat- 
ing In a mode-locking regime Is transform limited, where 
the pulse (duration * bandwidth) - 0.442. 

As a result, any variation in the spectral bandwidth 
of the emission signal causes a corresponding change 
in the pulse duration. That Is, if the spectral bandwidth 
of the emission signal increases (decreases), the dura- 
tion of the mode-locking pulse correspondingly 
decreases (increases). 

In the configuration of Fig. 7, the fbre grating 24 
has a predetermined bandwidth as a feedback element 
for the laser 80, preferably, less than 1 nm. With a fixed 
emission wavelength, it is therefore possible to reduce 
the spectral content of the optical pulse In the cavity and 
cause an enlargement of the time duration of the pulse. 
By rjiscrimiretety selecting the characteristics of fbre 
grating 24 for a desired bandwidth, a fixed and determi- 
nable pulse duration for the mode-locked laser can be 
obtained. 

In accordance with a further embodiment of the 
present invention, a laser generally referred as 90 ft 
Fig. 8 includes a laser pump source 22, a WDM 41, a 
lithium nfobate substrate 26 doped with a rare earth 
material such as erbium, and a fibre grating 24. 

The configuration of Fig. 8, however, also utilizes 
the excellent electrooptical properties of UNDO3 for a 
monolithic integration of an intracavity arnpCtude modu- 
lator tor AM mode-locking. 

The amplitude modulator, generally referred to at. 
92 in Fig. 8, is integrally formed in the UNbOs substrate 
and includes electrodes 94, 96, and 98. 

tn this arrangement, a section of the straight 
waveguide within the tasing cavity is replaced with a 
Mach Zehnder modulator. 

Electrodes 94 and 98 are connected to ground, as 
shown in the schematic drawing of Fig. 8. 

As with the phase modulator in Fig. 7. a sinusoidal 
signal from, for example, an RF signal generator (not 
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shown) drives the amplitude modulator in Fig. 8. 

The signal generator drives the sinusoidal signal 
through electrode 96. 

The sinusoidal signal has a frequency equal to the 
free spectral range of the laser cavity, or a harmonic s 
thereof. 

This frequency will achieve AM mode-locking with a 
single circulating optical pulse in the cavity, or a number 
of pulses equal to the number of harmonics of the fre- 
quency. 10 

As with the phase modulator for FM mode-locking, 
if the spectral bandwidth of the emission signal 
increases (decreases), the duration of the mode-locking 
pulse with the amplitude modulator correspondingly 
decreases (increases). is 

In the configuration of Fig. 8, the fibre grating 24 
has a predetermined bandwidth as a reflective element 
for the laser 90, preferably less than 1 nm. By dscrimi- 
nately selecting the characteristics of fibre grating 24 for 
a desired bandwidth, a fixed and determinable pulse 20 
duration for the mode-locked laser 90 can be attained. 
Hence, optimizing the spectral width of the fibre grating 
will assist in optimizing the width of pulses circulating in 
the cavity. 

In the proceeding description the substrate in which as 
the waveguide is made was described making refer- 
ence to its preferred embodiment where a of lithium 
niobate substrate Is used; however, it is apparent to the 
skilled in the art that other substrates can be used to 
make a laser. If appropriate. In particular, other electro- so 
optic materials can be used, such as lithium tantalate or 
lithium iodate or electro-optic polymers. 

In addition, in case electro-optic properties were 
not required in a specific application, other materials 
dopable with lasing ions can be used, such as SO2 or as 
other glass compositions, without departing from the 
present invention. 

It will be apparent to those skilled in the art that var- . 
ious modifications and variations can be made to the 
present invention without departing from the spirit or 40 
scope of the invention 

For example, the intracavity phase modulator of 
Fig. 7 and the Intracavity amplitude modulator of Fig. 8 
shown for the laser arrangement of Rg. 2 may equiva- 
lently be applied to the other laser arrangements *s 
described before, i.e. those 6hown in Figs. 1 and 3 to 6. 

Thus, it is intended that the present invention cov- 
ers any modifications and variations provided they 
come within the scope of the appended claims and their 
equivalents. bo 

Claims 

1. A laser, comprising: 

55 

— a substrate doped with a lasing material, the 
doped substrate having first and second ends 
and including a waveguide for passing a pump- 
ing light and a stimulated emission signal 



between the ends, the first end including a 
feedback element for reflecting at least a por- 
tion of the emission signal toward the second 
end; and 

— a grating reflector having an input opticaHy cou- 
pled with fiie waveguide at the second end of 
the doped substrate and an output, ttie grating 
reflector and the feedback element defining a 
laser cavity including the doped substrata, 
characterized in that the grating reflector is 
formed from an optical fibre portion and reflects 
at least a portion of the emission signal toward 
the first end of the doped substrate. 

2. The laser of claim 1 . characterized in that it further 
comprises a pump source coupled to the output of 
the grating reflector, the pump source driving pump- 
ing light through the grating reflector and then into 
the doped substrata. 

3. The laser of claim 2. characterized in that it further 
comprises optical separation means interposed 
between the pump source and the grating reflector, 
the optical separation means separating the emis- 
sion 6ignal from other signals received from the 
pump source and the grating reflector. 

4. The laser of daim 2. characterized in that it further 
comprises a wavelength division multiplexer opti- 
cally coupled to the first end of the doped substrate, 
the wavelength division multiplexer separating the 
emission 6lgnal from other signals received from 
the feedback element 

5. The laser of claim 3. characterized in that said opti- 
cal separation means is a wavelength division mul- 
tiplexer. 

6. The laser of daim 3. characterized in that said opti- 
cal separation means is an optical circulator. 

i 

7. The laser of daim 1. characterized in that said suh- 
strate is an electro-optic material. 

8. The laser of claim 1 . characterized in that said si±>- 
strateisBtruumruobate, 

9. The laser of daim 1. characterized in that said las- 
ing material includes at least a rare earth. 

10. The laser of claim 1 . characterized In that said feed- 
back element reflects at least a portion of both the 
emission signal and the pumping Bght toward the 
second end of the substrata. 

11. The laser of claim 1. characterized in that it further 
comprises a thermally-stable package housing at 
least the doped substrate and the grating reflector. 
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12. The laser of claim 1. characterized in that the opti- 
cal connection between the grating reflector and 
the doped substrate causes a loss to the pumping 
light ol less than Ida 

13. The laser of claim 1 . characterized in that the feed- 
back element comprises a plurality of layers of die- 
lectric material deposited on the first end of the 
doped substrate. 

14. The laser of daim 1, characterized in that the sec- 
ond end of the doped substrate includes an antjre- 
flective coating. 

\ 

15. The laser of daim 1, characterized in that the sec- 
ond end of the doped substrate is poBshed at an 
angle. 

16. The laser of claim 1, characterized in that it further 
comprises a pump source coupled to the first end of 
the doped substrate, the pump source driving 
pumping fight through the feedback element the 
doped substrate, and then to the grating reflector. 

17. The laser of daim 1 S. characterized in that it further 
comprises a wavelength division multiplexer cou- 
pled to the output of the grating reflector, the wave- 
length division multiplexer separating the emission 
signal from other signals received from the grating 
reflector. 

18. The laser of daim 1 . characterized in that the emis- 
ston signal corresponds to single-mode, continu- 
ous-wave operation for the laser. 

19. The laser of daim 1, characterized in that the grat- 
ing reflector has a bandwidth less than 1 nm. 

20. The laser of daim 7, characterized in that it further 
comprises a phase modulator integrated in the 
doped substrata, the phase modulator providing 
FM mode-locking operation for the laser. 

21. The laser of claim 7. characterized in that it further 
comprises an amplitude modulator integrated in the 
doped substrate, the amplitude modulator providing 
AM mode-tockJng operation for the laser. 

22. A laser, comprising: 

— a pump source for generating a pumping light; 

— a substrate of lithium niobate doped with at 
least one rare earth element, the doped sub- 
strate including a waveguide for passing the 
pumping light and a stimulated emission signal 
through the doped substrate; 

— first means, contacting the waveguide, for 
reflecting a first group of selected wavelengths 
passing from the waveguide back through the 



waveguide, the First group inducing at least the 
emission signal; • 
— second means, contacting the waveguide, for 
reflecting a second group of selected wave-" 

s lengths passing from the waveguide back 

through the waveguide, the doped substrata 
being positioned between the First and second 
reflecting means, the second group inducting at 
least the pumping signal; and 

to — a grating reflector having an input coupled to 
the second reflecting means and an output, the 
grating reflector being formed from portions of 
an optical fibre and reflecting at least the emis- 
sion 6'ignal passing from the second reflecting 

15 means back toward the waveguide, the grating 

reflector and the rust reflecting means defining 
a cavity for the laser. 

23. The laser of daim 22. characterized in that It further 
eo comprises a thermally-stable package housing at 

least the doped substrate and the grating reflector. 

24. The laser of daim 22, characterized in that the grat- 
ing reflector is positioned between the second 

ss wavelength-selective reflector and the doped sub- 
strate, the input of the grating reflector being opti- 
cally coupled to the second end of the doped 
substrate. 

30 25. The laser of daim 24. characterized in that It further 
comprises a wavelength division multiplexer cou- 
pled to the second wavelength-selective reflector, 
the wavelength division multiplexer separating the 
emission signal from other signals received from 

x the feedback element 

26. The laser of daim 22, characterized in that the sec- 
ond wavelength-selective reflector la positioned 
between the grating reflector and the doped sub- 

« strata, the second wavelength-selective reflector 
abutting the second end of the doped substrate. 

27. The laser of daim 26. characterized In that K further 
comprises a wavelength division multiplexer cou- 

45 pled to the output of the grating reflector, th wave- 
length division multiplexer separating the emission 
signal from other signals received from the feed- 
back element. 

so 28. The laser of daim 22, characterized in that the 
emission signal corresponds to single-mode, con- 
tinuous-wave operation for the laser. 

29. The laser of daim 22. characterized In that the prat- 
es ing reflector has a bandwidth less than 1 nm. 

30. The laser of claim 29. characterized in that it further 
comprises a phase modulator integrated in the 
doped substrate, the phase modulator providing 
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FM mode-locking operation for the laser. 

31 . The laser of claim 29. characterized in that it further 
comprises an amplitude modulator integrated in the 
doped substrate, the amplitude modulator providing s 
AM mode-locking operation for the laser. 

32. A laser, comprising: 

— a pump source for generating a pumping light; w 

— a substrate of lithium niobate doped with at . 
least one rare earth element, the doped sub- 
strate including a waveguide for passing the 
pumping light and a stimulated emission signal 
through the doped substrata; is 

— a first wavelength-selective reflector contacting 
the waveguide for reflecting a first group of 
selected wavelengths passing from the 
waveguide back through the waveguide, the 
first group including at least the emission stg- so 
nal; 

— a second wavelength-selective reflector con- 
tacting the waveguide for reflecting a second 
group of selected wavelengths passing from 

the waveguide back through the waveguide, as 
the doped substrate being positioned between 
the first and second wavelength-selective 
reflectors, the second group including at least 
the pumping signal; 

— a first grating reflector having an input coupled oo 
to the second wavelength-selective reflector 
and an output, and 

— a second grating reflector having an input cou- 
pled to the output of the first grating reflector, 
the first and second grating reflectors being 35 
formed from portions of optical fibres, one of 
the first and second grating reflectors reflecting 
the emission signal passing from the second 
wavelength-selective reflector back toward the 
waveguide, another of the first and second *> 
grating reflectors reflecting the pumping signal 
passing from the second wavelength-selective 
reflector back toward the waveguide, the first 
wavelength-selective reflector and said one of 

the fust and second grating reflectors defining 45 
a cavity for the laser. 

33. The laser of daim 32. characterized in that the grat- 
'mg reflector has a bandwtdth less than 1 nm 

so 

34. The laser of claim 33. characterized In thai it furHw 
comprises a phase modulator integrated in the 
doped substrate, the phase modulator providing 
FM mode-locking operation for the laser. 

55 

35. The laser of claim 33. characterized in that it further 
comprises an amplitude modulator integrated in the 
doped substrate, the amplitude modulator providing 
AM mode-locking operation for the laser. 
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